The new idea presented in the paper is to reverse of an assembly line in order to allow complete disassembly. A generalised Synchronised Hybrid Petri Nets (SHPN) model based control of an assembly/disassembly mechatronics line (A/DML) served by a wheeled mobile robot (WMR) equipped with robotic manipulator (RM) is presented. The approach is a hybrid one, the assembly/disassembly line being the discrete part whilst the WMR with RM is the continuous part. The mobile platform is used only in disassembly operations, in order to transport the components from the disassembly locations to the storage locations. Therefore, SHPN approach is used to model and control. This hybrid system takes into consideration the distribution of the necessary tasks to perform hybrid disassembly, using robot synchronisation with A/DML. Using SHPN model and a LabView platform, a real-time control structure has been designed and implemented, allowing automated assembly and disassembly where the last one is assisted by a mobile platform equipped with a manipulator.
INTRODUCTION
As a main contribution of this paper, is a new approach for modelling and controlling of the assembly/disassembly production flows, by aggregation of continuous and discrete events systems, into a hybrid system. Consequently, it is proposed a generalised Synchronised Hybrid Petri Nets (SHPN) model for a reversible assembly/disassembly mechatronics line (A/DML) served by wheeled mobile robot (WMR) equipped with robotic manipulator (RM). Generalised model will be customised for an assembly mechatronics line of a five parts work piece. SHPN model based real-time control of A/DML served by WMR with RM is also presented. This model gives a high-level description of the work piece to be disassembled. In this paper, as a premier, the concepts of assembly/disassembly tasks are illustrated in SHPN model respecting both approaches: the discrete approach for the elementary assembly/disassembly operations and the continuous approach for displacement of WMR. The reversible A/DML served by robotic manipulators mounted on mobile platforms has a dynamics determined both, by events (events supplied by the control sequences of the automatic system) and by the interaction with the WMR, which represent the continuous time part of the system. The considered system is a hybrid one and requires specialised tools for modelling. The assembly/disassembly operation can by decomposed into a sequence of elementary assembly tasks coupled in parallel with positioning tasks of the work piece along conveyor, as in Baldwin et al. (1991) , Choi et al.(1998) , Rosell (2002) and Ganget et al. (2005) . The hybrid disassembly strategy is based on the hierarchical model proposed in Seliger et al. (1999) , David and Alla (2010) , Radaschin et all (2012) , Minca et al (2013a) and Minca et al.(2013b) .
The rest of the paper is organized as follows: the description of A/DML served by WMR and RM is presented in Section 2; structure of the generalised SHPN model is presented in Section 3; generalised and customised SHPN formalisms together model simulation results are presented in Section 4; Section 5 is reserved to real-time control of A/DML served by WMR and RM based on SHPN model; some final remarks can be found in Section 6.
A/DML SERVED BY WMR EQUIPPED WITH RM
A robotic assembly/disassembly system consists of different kinds of components such as mobile robot, robotic manipulator, assembly/disassembly line, sensors, conveyors, storage warehouses, data acquisition cards and PLC (Programmable Logic Controller). The A/DML is served by a WMR equipped with RM during of disassembly phase (Kopacek B. & Kopacek 1999 ). The objective is to make the assembly line reversible, i.e. to allow disassembly. Moreover, the mobile robot is used to carry the disassembled part to an appropriate storage warehouse. General approach will customise to an A/DML, HERA&Horstmann, shown in Fig.1a and 1b, which makes assembly of five parts, shown in Fig.1c and Fig. 1d . The WMR, Pioneer3-DX, has an odometric system, two driving wheels, and one rear free wheel. An onboard embedded microcontroller is able to read position information and send it, via a WI-FI link, to a remote PC according to a specific protocol. The remote PC computes control input and sends it to WMR. Also, the remote PC sends the data to the assembly line PLC. The A/DML is equipped with SIEMENS SIMATIC S7-300 PLC), with five distributed modules connected by Profibus. A/DML includes five individual work stations. The components to be assembled ( Fig. 1c and 1d ) are: work part carrier (base platform) (1), body (2), cover (3), metal cylinder (4) and plastic cylinder (5). The general representation of assembly and disassembly is shown in Fig. 2 . In Fig. 3 , is presented the particular case of an assembly/disassembly of a product consists of 5 parts, served by WMR with RM. WMR carries the component from the place where disassembly occurs to the appropriate storage warehouse. 
STRUCTURE OF THE SHPN MODEL
The following assumption hold: A.1. The disassembly process starts immediately after the assembly process and final piece fails the quality test; A.2. Storage warehouses places are identical to positions where assembly occurs; A.3. In an assembly/disassembly operation is assembled/disassembled only one piece; A.4. By convention it is assumed that the end product fails the quality test if it contains cylinders of different materials; A.5. After the last remaining piece of disassembly process is transported to the storage warehouse starts a new assembly process. Let N be the number of parts to be assembled. 
be the warehouse locations, which are identically with the assembly locations.
, be the distance between disassembly location 
be the distance travelled by the mobile robot in the  j stage of disassembly. Variable
indexes: a WMR continuous place of the robot, Pcr ; a WMR continuous transition, Tcr , and a disassembly discrete transition, Tdd .
The hybrid aspect of the model is given by the variables related to distances travelled by the robot. These are distances between the locations where disassembly occurs and storage warehouses locations. These variables vary according to whether speed is constant or variable. Variation is based on the mobile platform speed between A/DML locations. To develop a global model of assembly and/or disassembly, will consider hybrid aspect of the entire process served by the mobile platform. For modelling, it will use Timed Hybrid Petri Nets (THPN), as in David and Alla (2010) , Minca et al. (2013a) , Minca et al. (2013b) . THPN integrates the discrete appearance of the assembly/disassembly process with the continuous appearance of the WMR displacement and handling of parts by the RM. The entire model is SHPN type, because is interfaced with external events for synchronisation, useful in real-time control. Therefore, the system becomes of a reversible A/DML that is served, during disassembly, by robotic manipulator mounted on mobile platform. The system has a dynamics determined by events (events supplied by the control sequences of the automatic system) and by the interaction with the WMR. The hybrid model is elaborated using the dedicated modelling tool, HPN, described in [9] . Combining SED model of the analyzed system with the WMR continuous time cycle, results a SHPN model. SHPN model, shown in Fig. 4 , is obtained by modelling assembly/disassembly and continuous service assistance of WMR equipped with RM. SHPN morphology results by integration three PN models. Each of these models has a specific typology: TPN (Timed PN), SPN (Synchronised PN) and THPN (Timed Hybrid PN). These models describe the following automatic operations: assembling/storage in warehouses (TPN typology); disassembling of damaged product (SPN and TPN typologies); service assistance, during disassembling process, performed by the mobile robot equipped with manipulator (THPN typology). In Fig. 5 is shown the generalised TPN model corresponding to N-parts assembly, where the last one includes a sequence associated to quality test for the end product (work-piece). During disassembly process, can identify a repetitive sequence associated to a single disassembly operation and service assistance of WMR equipped with RM. All of these can be modelled with a SHPN, called elementary SHPN (e-SHPN) . In Fig. 6 , is shown the model corresponding to the first disassembly part. 
 
E is a set of external events
  Sync is a function from the set of the discrete disassembly transitions to the set of external events , 1 
is the set of discrete transitions for states of mobile robot while serving disassembly operations;
is the set of continuous transitions associated to distances performing by the mobile robot for each disassembly operation. To these transitions is associated the maximum linear speed of the WMR.
Remark 1: Sets P and T are disjointed,
or N is the input incidence application;
or N is the output incidence application; 
,
tempo is a function from the set T of transitions to the set of positive or zero rational numbers,
is timing associated to (14), (15), (16) and (17) (Radaschin et al. 2012) . In this way both the robot and flexible line are controlled, in order to achieve a smallest assembly and disassembly cycle time. The robot is initialised by a signal transmitted via a wireless access point mounted on the mobile platform, received by the LabView application. Via the acquisition board, the state signals are transmitted to the flexible line to control the position of the work piece along the conveyor and to synchronise the robot with the flexible line. The LabView I/O module transmits the signals to the A/DML's PLC (SIMATIC S7-300) via the acquisition board. The positioning of the gripper in order to grab the disassembled component and its storage into warehouse has been made by a visual servoing system.
CONCLUSIONS
A SHPN model based real-time control of fully reversible A/DML served by a WMR equipped with RM, is the main contribution of this paper. The SHPN model is conditioned on certain state transitions by external events representing signals supplied by sensors. The A/DML is assisted by WMR equipped with RM during disassembling in order to transport the disassembled components from the disassembly locations to the storage warehouse locations. Therefore, the assembly line becomes reversible, i.e. executes automated disassembly. A disassembly process is started when the final work piece, obtained by assembly, is damaged and fails quality test. The disassembled components are recovered and transported to the storage locations, in order to be reused in assembly process. The entire structure of the A/DML real-time control served by WMR is shown in Fig. 8 . The SHPN model has been tested via simulation. and used in real-time control. The likeness with the real manufacturing/production/assembly line is evident.
